A microactuating structure with vertical polyimide hinges has been designed, fabricated and tested. Unlike traditional microactuators, which are located on the substrate surface, this new actuation mechanism is capable of producing linear motion at a point far from the substrate. This advantage can make it possible to drive other out-of-plane folded structures for on-wafer or out-of-wafer applications such as optical alignment or precise manipulation. The unique design of the planar structure fabricated by surface micromachining makes use of elastic polyimide joints to bring a movable large silicon plate in front of another plate to form a parallel-plate capacitor. The area of the capacitive plate is 430 × 330 µm where the height of the structure is about 1 mm. At resonance frequency, flapping silicon plates can start very large oscillations leading to a deflection angle of 8
Introduction
The idea of using traditional semiconductor device fabrication technology to produce mechanical structures on silicon wafers has led to the development of microdevices which can interact with the environment by means of microsensors and microactuators [1, 2] . Microactuators have been demonstrated based on thermal expansion [3] , electrostatic force [4] [5] [6] , the piezoelectric effect [7] , the shape-memory effect [8] and magnetic force [9] . Many applications based on these microsystems have also been developed [10] [11] [12] [13] [14] [15] . However, due to the requirement of the photolithographic process, all the components of these devices have been formed by two-dimensional (2D) in-plane structures. It is obvious that the real world is not made of 2D structures. In order to interact with the real three-dimensional (3D) world one should think of a way to create microsensors and microactuators which can successfully interact with the real 3D environment. Recently, by using some non-traditional technologies, several ways of building 3D structures have been developed [16] [17] [18] . Among these, the LIGA (an acronym for the German phrase Lithographie, Galvanoformung und Abformung) [19, 20] and SCREAM (single-crystal reactive ion etching and metallization) processes [21] have created a great impact in the microelectromechanical systems (MEMS) community. Furthermore, actuators created by folding large plates [22] , connected with polysilicon hinges [23] , have also been proposed. In this paper, we present a high aspect ratio actuation structure created by folding silicon plates connected with polyimide flexible joints [24] .
Structure design and operation principle
A general view of the microstructure can be seen in figure 1 . The moving part can be seen on the left-hand side and the righthand part is used as a driving electrode. When an ac voltage is applied between the pads, the moving part starts to oscillate. The direction of the actuator motion is illustrated in the side and top views. The actuation mechanism is the standard electrostatic actuation in a parallel-plate configuration. The electrostatic force acts on the moving electrode in such a way as to increase the overlap region with the driving electrode. The folding silicon plates, which are connected to the elastic polyimide joints, form the key technique used to create this moving structure. This technology was chosen because accessing the third dimension and obtaining high aspect ratio large plates for electrostatic actuation can be easily achieved. Furthermore, this technology makes it possible to obtain low free motion by using the polyimide joints as vertical hinges. Due to the low Young's modulus of polyimide, it is possible to obtain large deflections with a small amount of force. The unique design of the structure makes use of polyimide joint technology to bring a movable large silicon plate in front of a stationary plate to obtain an electrostatic actuation in a lateral mode. This mode of actuation was chosen because it was expected to produce not only a large displacement but also a linear voltage-deflection behaviour compared with gap closing actuation. In order to establish the electrical connection between the pad and the moving plate, copper wires were used across the polyimide joints. A closer view of the moving part and the location of these copper wires can be seen in figure 2 .
The stationary driving electrode is also formed by folding technology which is constrained in such a way that it will resist the high electrostatic force in the normal direction which attempts to close the gap between the plates. In order to create lateral motion, the stationary electrode is located in such a way that only a small portion of it overlaps with the moving electrode. Thus, when the voltage is applied the moving plate will move, increasing the overlap area, towards the stationary plate. 
Fabrication process
A silicon-on-insulator (SOI) wafer is used as the starting material. The process flow can be seen in figure 3 , and 3D views can be seen in figure 4 . The silicon layer of the SOI wafer we used has a thickness of 3 µm and the oxide layer has a thickness of 2 µm. Before depositing copper, a thin layer of chromium is sputtered on to the wafer to increase adhesion. The deposition conditions are shown in table 1. The Cu layer is patterned with wet etching, which is performed by H 3 PO 4 :CH 3 COOH:HNO 3 (50:50:1 in volume) at 70
• . In the next step, the exposed silicon part is etched by a CF 4 , O 2 dry etching system. At this step, the isotropic nature of the etching process is utilized to create a suspended bridge-like structure made of copper, see figure 4 (1). The remaining copper layer is patterned again in the shape of the main planar structure, and the etching is performed by HNO 3 :H 2 O:CH 3 COOH (2:1:1 in volume) at room temperature.
After that, the exposed part of the silicon layer is etched with reactive ion etching (RIE), see figure 4 (2). The copper layer is then etched away, except for the electrical interconnection regions. The etching is carried out at room temperature, just as the previous etching. The wafers are dipped into hydrofluoric acid (HF) for 1 min to increase the strength of the polyimide joints. Then polyimic acid is spincoated on to the wafer (Hitachi Kasei Du-Pont PIX-1400). Afterwards, the spin-coated wafers are baked for 30 min at 140
• . The polyimide layer is then patterned by oxygen plasma using an Al thin film as a protection mask, see figure 4(3) . The aluminium is etched away and, finally, the structure is released by time-controlled HF sacrificial oxide etching, see figure 4(4). After the release etching, the structure is folded in the out-of-plane direction by a micromanipulator. Figure 5 shows the hinge portion of a completed test structure with the copper interconnection wire. The folding sequence for the whole structure can be seen in figure 6 . 
Results
After the folding process, the structures were tested under a probe station.
The testing set-up can be seen in figure 7 . A video image from a microscope was used to measure displacement. The resonance mode displacement characteristic and frequency response results can be seen in figures 8 and 9. The displacement was measured by using a video image taken by a microscope. Finally, a simplified 2D model was built to estimate the mechanical behaviour of the structure, using the ANSYS finite element analysis program. This model can be seen in figure 10 . First, a modal analysis was made to estimate the resonance frequency of the mechanical structure. Since it is difficult to estimate the elasticity of polyimide joints under plastic deformation, several values of Young's modulus were used. Table 2 shows the calculated resonance frequencies with respect to the different values of Young's modulus. The same process was repeated by changing the elasticity value of silicon. Table 3 shows the results of the simulation with different values of Young's modulus for silicon. From these results it can be seen that the resonance frequency strongly depends on the elasticity value of polyimide hinges while the material properties of silicon do not have a strong influence on the mechanical behaviour. Figure 11 shows a comparison of the simulated data and the experimental data (represented by the ⊕ symbols) under a dc operating mode. The force is calculated by using classical electrostatic actuation theory and is input to software manually. For an applied voltage of 300 V the theoretical value of the electrostatic force is 3.7 µN. The simulation is made by using different values of Young's modulus which are chosen from the modal analysis. Among these, it is possible to find a value which matches the slope of the linear fit line produced by using the experimental data. Thus it is shown that it is possible to estimate the mechanical behaviour of the structure by using this model.
In order to explore the effect of thermal mismatch between polyimide and silicon on actuator operation we performed thermal measurements. The set-up used for this measurement can be seen in figure 12 . A Peltier chip is used to control the operating temperature of the actuator. The displacement was observed by video output from a microscope. The measurement results can be seen in figure 13 . There is a strong dependence on operating temperature.
Conclusions
A high aspect ratio actuating microstructure, which is capable of producing linear motion at a point far from the substrate, has been designed, fabricated and tested. This structure makes use of polyimide elastic joints to bring a large silicon plate in front of a second plate to form a parallel-plate actuation system. The gap between the plates is 35 µm and the plate area is 430 × 330 µm. The visual image from the profile meter provides the measurement of the dynamics of the actuating system. A mechanical performance characterization has been carried out, including resonant mode displacement, applied voltage characteristic and frequency response measurements. In resonant mode, the actuator can undergo very large oscillations with a displacement of more than 160 µm when applying a voltage of 174 V (p-p) while the resonance frequency is measured to be 380 Hz. A commercial finite element analysis program is used to simulate the system with a simple 2D model. Preliminary results and simulations generally agree. From the simulation results, it was concluded that the material properties of the polyimide have a major effect on the mechanical performance of the actuator.
On the one hand, the effect of silicon was minimal. Using the friction-free motion capability of the polyimide elastic joints, very large deflections at the resonant mode were obtained. However, during dc operation, the actuator was not able to move more than 50 µm. It was observed that, when the voltage is increased, more plates start to be attracted to each other and, finally, contact is established between them. For that reason, there is a need to build a stronger structure, which will resist the normal force between the plates.
On the other hand, thermal measurements have shown that the resonant frequency is affected by the operating temperature. For high precision applications there is a need to develop a position sensor feedback system to control the motion of the actuating system. Furthermore, a self-assembly technology should be developed to increase repeatability and controllability of the folding process.
